Bulk glassy alloys with low values of liquidus temperature (T l ) and glass transition temperature (T g ) as well as high T g =T l were formed at Pt 60 Cu 20 P 20 . Glassy alloys in Pt 80Àx Cu x P 20 system were formed over the whole composition range up to 35 at%Cu examined in the present study. The T g increases significantly with increasing Cu content, shows a maximum value of 522 K at 20%Cu and then decreases slightly with further increase in Cu content. On the other hand, the crystallization temperature (T x ) increases monotonously with increasing Cu content up to 25 at%Cu and then becomes saturated, leading to a monotonous increase in ÁT x ð¼ T x À T g Þ from 25 K at 0%Cu to 83 K at 35 at%Cu. All the ternary glassy alloys crystallize through a single-stage exothermic reaction, accompanied by the precipitation of mixed Pt 5 P 2 , Cu 3 P and unknown phases. The 20%Cu-containing alloy has the lowest T l of 854 K as well as the smallest temperature interval of 21 K between T l and melting temperature (T m ) and hence the highest T g =T l of 0.61 is obtained for the 20%Cu alloy. The high T g =T l as well as the low T l has enabled us to form bulk glassy alloy rods with diameters up to at least 12 mm by water quenching. The synthesis of the Pt-Cu-P glassy alloys with the low values of T g and T l and the large ÁT x is important for future development as precision materials for nano-technology which can be deformed through viscous flow.
Introduction
Since the first success of synthesizing bulk glassy alloys in simple metal-and transition metal-based alloy systems such as Mg-, 1) Ln- 2) and Zr- 3) based alloys for several years between 1988 and 1990, a new category of studies on bulk glassy alloys as a novel bulk metallic material has started. For the last one and half decades, a number of bulk glassy alloy systems have been found and some bulk glassy alloys have gained application fields. [4] [5] [6] [7] When special attention is paid to metal-metalloid type bulk glassy alloys except simple metaland transition metal-based systems, it is known that bulk glassy alloys with diameters up to 2 mm are formed in PdNi-P and Pt-Ni-P systems by water quenching 8, 9) and the repeated melting of Pd-Ni-P alloys in a B 2 O 3 flux medium increases significantly the critical maximum diameter.
10) It has subsequently been reported that the use of Pd-Cu-Ni-P system increases dramatically the maximum sample diameter to 72 mm 11) and decreases the critical cooling rate for glass formation to the order of 0.01 K/s. [12] [13] [14] It is also noticed that the reduced glass transition temperature (T g =T l ) is also as high as 0.71 for Pd 40 Cu 30 Ni 10 P 20 alloy. 15) Based on these data, it has been recognized that the Pd-Cu-Ni-P alloys around the composition of Pd 40 Cu 30 Ni 10 P 20 have the highest glass-forming ability in all bulk metallic glassy alloys reported up date. [11] [12] [13] [14] [15] It is empirically known that the liquidus temperature (T l ) of the alloy is also important for achievement of high glass-forming ability, in addition to T g =T l . That is, the alloy with high T l cannot have high glassforming ability because of the high mobility of the melt atoms and hence the difficulty for the melt to be undercooled, even though its T g =T l has a rather high value exceeding 0.6. It is therefore important to search for a new bulk glassy alloy with low T l value and large supercooled liquid region before crystallization in conjunction with high T g =T l . The synthesis of such a bulk glassy alloy is expected to extend fundamental research and application fields of bulk glassy alloys. We have recently found that a new type of bulk glassy alloy with low T l , low glass transition temperature (T g ), high T g =T l and large supercooled liquid region is formed in Pt-Cu-P system. This paper presents the composition dependence of T l , T g , crystallization temperature (T x ), ÁT x ð¼ T x À T g Þ and T g =T l of the Pt-Cu-P glassy alloys.
Experimental Procedure
Binary and ternary Pt-based alloy ingots with composition of Pt 80Àx Cu x P 20 (x ¼ 0 to 35 at%) were prepared by induction melting pure Pt and Cu metals and pre-sintered Pt-P alloy in an argon atmosphere. The alloy compositions represent nominal atomic percentages. Bulk glassy alloy rods with diameters up to 12 mm were prepared by copper mold casting and water quenching methods. Glassy alloy ribbons with a cross section of 0:03 Â 1:2 mm 2 were also produced by the melt spinning method. Glassy structure was examined by Xray diffraction. Thermal stability associated with glass transition, supercooled liquid region and crystallization temperature was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The melting and liquidus temperatures were measured by differential thermal analysis (DTA) at a heating rate of 0.17 K/s. The ductility of the ribbon samples subjected to annealing for 30 days at 423 K was examined by the bending test through 180 degrees.
Results and Discussion
We have confirmed that a glassy single phase is formed over the whole composition range in the Pt 80Àx Cu x P 20 alloys with different Cu contents of 0 to 35 at%. Figure 1 shows DSC curves of the melt-spun glassy Pt 80Àx Cu x P 20 alloys. Although no distinct glass transition is seen only for Pt 80 P 20 , all the ternary alloys containing 10 to 35 at%Cu exhibit glass transition, followed by a large supecooled liquid region and then crystallization. It is noticed that all the Cu-containing alloys have a sharp single exothermic peak accompanying the large supecooled liquid region before crystallization. With increasing Cu content, the onset temperature of crystallization (T x ) increases rapidly in the Cu concentration range up to 25 at%, followed by a gradual increase in the higher Cu content range. A similar increase is also recognized for T g in the Cu content range up to 20 at% and then the T g decreases slightly in the higher Cu content range. Figure 2 shows the T g , T x and ÁT x ð¼ T x À T g Þ as a function of Cu content for the Pt 80Àx Cu x P 20 glassy alloys. As the Cu content increases, the T g increases significantly from 500 K at 0%Cu to a maximum value of 522 K at 20 at%Cu and then decreases slightly to 515 K at 35 at%Cu. On the other hand, the T x increases significantly from 525 K at 0%Cu to 594 K at 25 at%Cu and then becomes nearly constant in the higher Cu content range. As a result, the ÁT x increases monotonously from 25 K at 0%Cu to 83 K at 35%Cu. Figure 3 shows X-ray diffraction patterns of the Pt 80Àx Cu x P 20 glassy alloys annealed for 1.8 ks at 700 K. As identified in Fig. 3 , the structure consists of Pt and Pt 5 P 2 phases at 0%Cu, Pt, Pt 5 P 2 and Cu 3 P phases at 10%Cu, Pt 5 P 2 , Cu 3 P and unknown phases at 20%Cu, and Pt 5 P 2 , Cu 3 P and unknown phases at 30%Cu. Since no distinct additional exothermic peak is seen at temperatures higher than the first exothermic peak for all the ternary alloys, these mixed structures seem to agree with primary precipitation phases from the supercooled liquid.
The fusion behavior during continuous heating for the PtCu-P glassy alloys gives us the information of their liquidus temperature (T l ). Figure 4 shows DTA curves of the Pt 80Àx Cu x P 20 glassy alloys. The T l is 890 K at 0%Cu, increases slightly with increasing Cu content to 10 and 15 at%, shows a minimum of 854 K at 20 at%Cu and then increases significantly with further increase in Cu content to 35 at%Cu. It is noticed that the 20 at%Cu-containing alloy has simultaneously the smallest temperature interval of 21 K between melting temperature (T m ) and T l , in addition to the lowest T l value. Figure 5 summarizes the changes in T l and T g =T l with Cu content for the Pt 80Àx Cu x P 20 glassy alloys. It is clearly seen that the 20 at%Cu-containing alloy has the highest T g =T l of 0.61 as well as the lowest T l of 854 K, suggesting that the highest glass-forming ability is obtained for the Pt 60 Cu 20 P 20 alloy. With the aim of confirming the high glass-forming ability of the 20 at%Cu alloy, we have produced bulk glassy alloy rods with different diameters up to 12 mm. Figure 6 shows outer shape and surface appearance of the Pt 60 Cu 20 P 20 glassy alloy rod with a diameter of 12 mm and a length of 15 mm produced by water quenching the melt inside a quartz tube. The outer surface of the rod is smooth and neither concave nor cavity due to the precipitation of a crystalline phase is seen over the whole outer surface. The Xray diffraction patterns consisted only of halo rings due to a glassy single phase. In the present study, the glass-forming ability of the Pt 60 Cu 20 P 20 alloy is too high to determine the maximum sample thickness. Finally, it is important to point out that the Pt 60 Cu 20 P 20 glassy alloy in a ribbon form with a thickness of 0.03 mm has good ductility which is shown by bending without fracture through 180 degrees and the good ductility remains unchanged after annealing for 30 days at 423 K, though the T g and T l have rather low values of 522 K and 854 K, respectively.
Summary
We have searched for an optimum alloy composition with low T l , large ÁT x and high T g =T l in the glassy alloy series of Pt 80Àx Cu x P 20 . The results obtained are summarized as follows:
(1) The T g increases distinctly from 500 K at 0%Cu to 522 K at 20 at%Cu and then decreases slightly to 515 K at 35 at%Cu. The T x increases significantly from 525 K at 0%Cu to 594 K at 25 at%Cu and then becomes saturated, resulting in a monotonous increase in ÁT x from 25 K at 0%Cu to 83 K at 35 at%Cu. (2) All the ternary glassy alloys crystallize through a single-stage exothermic reaction due to the precipitation of mixed Pt 5 P 2 , Cu 3 P and unknown phases. (3) The lowest T l and the smallest temperature interval between T l and T m are 854 K and 21 K, respectively, for Pt 60 Cu 20 P 20 and the highest T g =T l of 0.61 is also obtained for the 20 at%Cu alloy. (4) The bulk glassy alloy rods with diameters up to at least 12 mm were produced by choosing the 20 at%Cu alloy composition. The Pt-Cu-P bulk glassy alloy is promising for future application to precision materials produced by viscous flow working because of the features of low values of T g and T l , large ÁT x and high glassforming ability. 
